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Clinical PerspectiveWhat Is New?Sudden cardiac death is the leading cause of late mortality in patients who have undergone atrial switch repair for D‐transposition of the great arteries) and is responsible for 45% of long‐term deaths reported in pooled data from the current literature.Patient‐level risk of both late mortality and sudden cardiac death are significantly increased by a history of supraventricular tachycardia, complex D‐transposition of the great arteries, and Mustard procedurePatients who have received implantable cardioverter‐defibrillators for primary prevention of sudden cardiac death after atrial switch repair suffer from high rates of inappropriate discharges with comparatively low rates of appropriate discharges.What Are the Clinical Implications?Current selection algorithms for implantable cardioverter‐defibrillator implantation for primary prevention of sudden cardiac death (SCD) after atrial switch repair are in need of improvement, and our identification of three unique risk factors for SCD not routinely considered in the selection process may help in its revision.Our finding that a history of supraventricular tachyarrhythmias confers a 5‐fold risk of SCD carries important implications for SCD prevention.It is possible that aggressive upfront management of supraventricular tachyarrhythmias using catheter ablation and/or antiarrhythmic pharmacotherapy might mitigate SCD risk, and additional primary data are required to investigate this hypothesis.

Introduction {#jah34484-sec-0008}
============

Surgical management of D‐transposition of the great arteries (D‐TGA) has evolved since the era of palliative shunting. The atrial switch repair (ASR), using native tissue as described by Senning in 1959[1](#jah34484-bib-0001){ref-type="ref"} or Gore‐tex patch material as described by Mustard in 1964,[2](#jah34484-bib-0002){ref-type="ref"} was the procedure of choice until the late 1980s, when it was largely supplanted by the arterial switch operation initially described by Jatene et al.[3](#jah34484-bib-0003){ref-type="ref"} In the present day, there remains a large cohort of adult D‐TGA patients who underwent ASR in childhood. These individuals are at risk of ASR‐specific complications of the atrial baffles and the systemic right ventricle (RV).[4](#jah34484-bib-0004){ref-type="ref"}, [5](#jah34484-bib-0005){ref-type="ref"}, [6](#jah34484-bib-0006){ref-type="ref"}, [7](#jah34484-bib-0007){ref-type="ref"} The current literature consists of numerous observational, mostly single‐center cohort studies, with marked heterogeneity in mortality rates as well as rates of adverse outcomes, including congestive heart failure (CHF), baffle obstruction and valvular dysfunction. Identifying risk factors for long‐term mortality is of paramount importance to risk stratify patients for better surveillance and treatment.

Sudden cardiac death (SCD) has been reported as a leading cause of mortality in patients after ASR,[6](#jah34484-bib-0006){ref-type="ref"}, [8](#jah34484-bib-0008){ref-type="ref"}, [9](#jah34484-bib-0009){ref-type="ref"} with a reported lifetime incidence as high as 15%.[10](#jah34484-bib-0010){ref-type="ref"} Proposed risk factors for SCD[11](#jah34484-bib-0011){ref-type="ref"} include supraventricular tachyarrhythmias (SVT),[6](#jah34484-bib-0006){ref-type="ref"}, [10](#jah34484-bib-0010){ref-type="ref"}, [12](#jah34484-bib-0012){ref-type="ref"} right ventricular dysfunction (RVD),[10](#jah34484-bib-0010){ref-type="ref"}, [12](#jah34484-bib-0012){ref-type="ref"} atrioventricular block,[13](#jah34484-bib-0013){ref-type="ref"} tricuspid regurgitation (TR),[9](#jah34484-bib-0009){ref-type="ref"}, [12](#jah34484-bib-0012){ref-type="ref"} and QTc dispersion on electrocardiography.[14](#jah34484-bib-0014){ref-type="ref"}

Current ASR publications are limited by population size and low absolute event rates. There is at present no uniform risk stratification scheme that predicts risk of SCD in the ASR population. Furthermore, current practice guidelines for implantable cardioverter‐defibrillator (ICD) placement in adults with systemic right ventricles are based on scant data,[15](#jah34484-bib-0015){ref-type="ref"} with devices being placed on a case‐by‐case basis by extrapolating from guidelines for adults with ischemic cardiomyopathy.[16](#jah34484-bib-0016){ref-type="ref"}, [17](#jah34484-bib-0017){ref-type="ref"} As such, the therapeutic benefit of ICD implantation in ASR patients remains unclear.[11](#jah34484-bib-0011){ref-type="ref"} This has been recognized by the 2016 joint report by the National Heart, Lung and Blood Institute and the Adult Congenital Heart Association as a high‐impact and priority area for further research.[18](#jah34484-bib-0018){ref-type="ref"} The most recent guideline for the management of adults with congenital heart disease also recognizes the lack of research in this area and notes that RVD on its own is not adequate to guide ICD implantation in these patients.[19](#jah34484-bib-0019){ref-type="ref"}

To better understand this adult ASR population, we conducted a systematic review and meta‐analysis of the published literature with the following goals: examine the rates of long‐term mortality, SCD and morbidity outcomes among patients who had an ASR with either the Mustard or Senning procedure;identify risk factors for long‐term mortality and SCD; andestimate the efficacy and risks of ICDs for SCD prevention in this population.

Methods {#jah34484-sec-0009}
=======

The data that support the findings of this study are available from the corresponding author upon reasonable request.

Prospective Registration {#jah34484-sec-0010}
------------------------

This systematic review was conducted in adherence with guidelines stipulated by the Preferred Reporting Items for Systematic Reviews and Meta‐Analyses statement[20](#jah34484-bib-0020){ref-type="ref"} and the Meta‐analysis Of Observational Studies in Epidemiology checklist.[21](#jah34484-bib-0021){ref-type="ref"}

The study protocol was registered on the PROSPERO international prospective register of systematic reviews (CRD42016045556) and can be accessed at <https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=45556>.

Eligibility Criteria {#jah34484-sec-0011}
--------------------

All studies describing mortality of patients with D‐TGA after ASR with a mean or median follow‐up period of at least 10 years were eligible. These included patients with complex D‐TGA, most commonly defined in the literature as D‐TGA with a concomitant ventricular septal defect, pulmonic stenosis, or other left ventricular outflow obstruction. Also eligible were studies describing incidence of ICD discharges in patients with D‐TGA and ASR who received an ICD for prevention of SCD. Given the absence of randomized controlled trials, we included cohort studies as the best available evidence. The most recent search of the literature for eligible studies was conducted in November 2018; all studies published up until November 2018 were hence eligible for consideration.

Exclusion criteria were as follows: Operative cohort containing patients with concomitant complex congenital lesions (with the exception of left ventricular outflow obstruction), such as Tetralogy of Fallot or single ventricle anatomy.ASR done as part of a double‐switch procedure for congenitally corrected transposition of the great arteries.ASR done for palliation of cyanosis in patients with large ventricular septal defect and severe pulmonic stenosis rendering their D‐TGA irreparable (ie, palliative atrial switch).Study including patients from a center from where there was another study meeting inclusion criteria. In this case, the study describing a larger cohort of patients and/or containing additional individual patient‐level outcomes data was included.Fewer than 5 patients in the study.Study written in a language other than English for which an interpreter was not available to perform data extraction.

Search Strategy {#jah34484-sec-0012}
---------------

We searched multiple databases including Cochrane, MEDLINE, OvidSP, Embase, and Web of Science Core Collection. Additional records were identified by use of the Cited Reference Search in Web of Science and by review of conference proceedings, which included unpublished data. We placed no language or date restrictions on the search strategy. All titles dated November 2018 or earlier were included in the search. We searched for studies examining long‐term outcomes after ASR as well as outcomes after ICD implantation in the post‐ASR population. The complete list of databases examined, and detailed search strategy are available in Data [S1](#jah34484-sup-0001){ref-type="supplementary-material"}.

Screening and Data Extraction {#jah34484-sec-0013}
-----------------------------

Both screening and data extraction were done by 2 independent reviewers (PV, RAP) with conflicts being resolved by a third independent reviewer (HSS). Assistance from native speakers was sought for studies published in a language other than English. If no native speaker was available and an English language abstract was available, then the abstract was used for screening and data extraction.

Screening was done in a 2‐stage process. The first stage involved screening the titles and abstracts for the definitive presence of any of the aforementioned exclusion criteria. Citations lacking this were carried forward to the second stage, where full‐text review of each study was conducted. Studies fulfilling all eligibility criteria were then included for data extraction.

We extracted data using a pre‐specified data collection schema on study design characteristics, baseline characteristics of the operative cohort, degree of loss to follow‐up, and patient outcomes.

The primary outcome examined was late mortality, defined uniformly in the available literature as death occurring at least 30 days after ASR. Secondary outcomes included SCD, SVT, ventricular tachyarrhythmias, sinus node dysfunction (SND), RVD, incidence of CHF, reintervention, baffle obstruction, and TR.

For studies describing efficacy of ICDs in the post‐ASR population, the primary outcome of interest was the rate of appropriate shock, while secondary outcomes included rate of inappropriate shock, lead fracture or dislodgment, and ICD‐related infections. Studies were also evaluated for analysis of risk of late mortality or SCD and when reported, all data pertaining to risk analysis including but not limited to odds ratios, risk ratios, hazard ratios and log‐rank statistics were extracted.

Quality Assessment {#jah34484-sec-0014}
------------------

Study quality and risk of bias were assessed independently by 2 reviewers (PV and RAP) based on a modified version of the Quality Assessment Tool for Observational Cohort and Cross‐Sectional Studies devised by the National Heart, Lung, and Blood Institute.[22](#jah34484-bib-0022){ref-type="ref"} The tool was modified to address the common sources of bias and potential flaws specific to these survival studies. The major components of the quality assessment tool addressed consecutive enrollment of participants, absence of age cut‐offs at enrollment, which may adversely influence survival outcome (eg, retrospective enrollment of adults of a certain age), and the consideration of confounding factors such as the era of surgery during statistical analysis. The complete questionnaire used is detailed in Table [S1](#jah34484-sup-0001){ref-type="supplementary-material"}.

Statistical Analysis {#jah34484-sec-0015}
--------------------

To account for heterogeneity across published cohorts, aggregate event rates for primary and secondary outcomes were reported as median values with interquartile ranges. Means and standard deviations were reported only when there was no significant heterogeneity across studies.

Cohort risk assessment of late mortality or SCD was performed using univariate linear regression, which was weighted by study size given significant heterogeneity in this regard, such that larger studies contributed greater weight to the regression. Sensitivity analysis was performed if the data being analyzed included an outlier. Available patient level data were entered for risk factors of late mortality and SCD into a random effects meta‐analysis model, and a pooled summary estimate was obtained for each variable after odds ratios for mortality and/or SCD were individually calculated. Fixed effects meta‐analysis was also used for comparison. Studies with insufficient primary patient‐level data to permit calculation of odds ratios were not used in the model. In addition, we analyzed the strength of association for each risk factor with the outcomes of late mortality and SCD across the different studies, using both the Cochran Mantel‐Haenszel test and binary logistic regression with Firth correction to correct for low event rates.

Statistical analyses were performed using SPSS Statistics for Mac, Version 25.0 (IBM Corp, Armonk, New York, USA), Stata 14 (StataCorp, College Station, Texas, USA) and Review Manager (RevMan) Version 5.3 (The Cochrane Collaboration, Copenhagen, Denmark).

Results {#jah34484-sec-0016}
=======

Selection of Studies {#jah34484-sec-0017}
--------------------

Our initial search yielded 6508 citations describing long‐term mortality and 135 citations potentially describing outcomes after ICD implantation. Of the 6643 citations, 312 met primary inclusion criteria and underwent full text screening. In the secondary review, 278 studies were excluded, primarily because of inadequate follow‐up or a lack of mortality outcomes data. At the end of the screening process, 29 studies[4](#jah34484-bib-0004){ref-type="ref"}, [6](#jah34484-bib-0006){ref-type="ref"}, [7](#jah34484-bib-0007){ref-type="ref"}, [9](#jah34484-bib-0009){ref-type="ref"}, [13](#jah34484-bib-0013){ref-type="ref"}, [23](#jah34484-bib-0023){ref-type="ref"}, [24](#jah34484-bib-0024){ref-type="ref"}, [25](#jah34484-bib-0025){ref-type="ref"}, [26](#jah34484-bib-0026){ref-type="ref"}, [27](#jah34484-bib-0027){ref-type="ref"}, [28](#jah34484-bib-0028){ref-type="ref"}, [29](#jah34484-bib-0029){ref-type="ref"}, [30](#jah34484-bib-0030){ref-type="ref"}, [31](#jah34484-bib-0031){ref-type="ref"}, [32](#jah34484-bib-0032){ref-type="ref"}, [33](#jah34484-bib-0033){ref-type="ref"}, [34](#jah34484-bib-0034){ref-type="ref"}, [35](#jah34484-bib-0035){ref-type="ref"}, [36](#jah34484-bib-0036){ref-type="ref"}, [37](#jah34484-bib-0037){ref-type="ref"}, [38](#jah34484-bib-0038){ref-type="ref"}, [39](#jah34484-bib-0039){ref-type="ref"}, [40](#jah34484-bib-0040){ref-type="ref"}, [41](#jah34484-bib-0041){ref-type="ref"}, [42](#jah34484-bib-0042){ref-type="ref"}, [43](#jah34484-bib-0043){ref-type="ref"}, [44](#jah34484-bib-0044){ref-type="ref"}, [45](#jah34484-bib-0045){ref-type="ref"}, [46](#jah34484-bib-0046){ref-type="ref"} met criteria for long‐term mortality, and 4 additional studies[8](#jah34484-bib-0008){ref-type="ref"}, [47](#jah34484-bib-0047){ref-type="ref"}, [48](#jah34484-bib-0048){ref-type="ref"}, [49](#jah34484-bib-0049){ref-type="ref"} met criteria for ICD outcomes (Figure [1](#jah34484-fig-0001){ref-type="fig"}). One study met criteria for both long‐term mortality and ICD outcomes.[9](#jah34484-bib-0009){ref-type="ref"} One study was only available as a conference abstract,[37](#jah34484-bib-0037){ref-type="ref"} while the rest were obtained in manuscript form. Successful translation was performed for the 2 non‐English language studies that met inclusion criteria.[26](#jah34484-bib-0026){ref-type="ref"}, [28](#jah34484-bib-0028){ref-type="ref"}

![Flow diagram summarizing selection process for inclusion of studies. D‐TGA indicates D‐transposition of the great arteries; ICD, implantable cardioverter‐defibrillator; SCD, Sudden cardiac death.](JAH3-8-e012932-g001){#jah34484-fig-0001}

Study Characteristics {#jah34484-sec-0018}
---------------------

The 29 studies with data on mortality included 5035 patients, of which 4588 (91%) survived beyond 30 days after ASR. There were 4409 patients with available long‐term follow‐up for the primary study end point of mortality. The studies were conducted in 18 different countries across 3 continents, with 20 studies conducted in Europe. All were retrospective observational cohort studies, except for a single prospective cohort study.[29](#jah34484-bib-0029){ref-type="ref"} Only 4 studies[4](#jah34484-bib-0004){ref-type="ref"}, [30](#jah34484-bib-0030){ref-type="ref"}, [44](#jah34484-bib-0044){ref-type="ref"}, [46](#jah34484-bib-0046){ref-type="ref"} involved more than one center.

The studies varied in population size, proportion of complex D‐TGA patients in the operative cohort, age of patients at ASR, era during which ASR was performed, preferred type of ASR, and duration of follow‐up (Table [1](#jah34484-tbl-0001){ref-type="table"}). Study sample sizes ranged from 8 to 534 with a median of 109 (interquartile range \[IQR\] 85--222). The median follow‐up time reported by each study ranged from 10 years (the minimum to be eligible for inclusion) to 35 years after ASR (Table [1](#jah34484-tbl-0001){ref-type="table"}).

###### 

Baseline Characteristics of Included Studies Reporting Late Mortality Data

  Study                                                                                      Year Published   Number of Patients With Complete Follow‐Up   Time Period of Surgeries   Single‐ or Multi‐Center   Cardio‐Plegia Use   Mean Age of Cohort at Surgery (mo)   Proportion of Patients With Mustard Procedure (%)   Proportion of Patients With Complex D‐TGA (%)   Follow‐Up Duration (mean or median) (y)   Loss to Follow‐Up for Late Mortality (%)
  ------------------------------------------------------------------------------------------ ---------------- -------------------------------------------- -------------------------- ------------------------- ------------------- ------------------------------------ --------------------------------------------------- ----------------------------------------------- ----------------------------------------- ------------------------------------------
  Ashraf et al[24](#jah34484-bib-0024){ref-type="ref"}                                       1986             106                                          1967 to 1976               S                         No                  12                                   100                                                 48.1                                            10.9                                      0
  Turley et al[43](#jah34484-bib-0043){ref-type="ref"}                                       1988             36                                           1975 to 1980               S                         No                  1.5                                  100                                                 0                                               10                                        0
  Merlo et al[39](#jah34484-bib-0039){ref-type="ref"}                                        1991             104                                          1971 to 1978               S                         N/A                 16.8                                 83.7                                                15.4                                            12                                        0
  Helbing et al[35](#jah34484-bib-0035){ref-type="ref"}                                      1994             112                                          1961 to 1987               S                         Yes                 N/A                                  49.2                                                27.1                                            16                                        8.2
  Myridakis[40](#jah34484-bib-0040){ref-type="ref"}                                          1994             74                                           1971 to 1985               S                         Yes                 17.5                                 100                                                 26.3                                            N/A                                       2.6
  Gelatt[13](#jah34484-bib-0013){ref-type="ref"}, [33](#jah34484-bib-0033){ref-type="ref"}   1997             478                                          1963 to 1993               S                         Yes                 15.6                                 100                                                 34.1                                            11.5                                      0.8
  Birnie et al[25](#jah34484-bib-0025){ref-type="ref"}                                       1998             93                                           1972 to 1988               S                         N/A                 N/A                                  76.8                                                N/A                                             10                                        4.2
  Wilson et al[7](#jah34484-bib-0007){ref-type="ref"}                                        1998             113                                          1964 to 1982               S                         Yes                 13                                   100                                                 0                                               19.7                                      0
  Sarkar[6](#jah34484-bib-0006){ref-type="ref"}                                              1999             358                                          1965 to 1992               S                         Yes                 19.2                                 63.1                                                0                                               12.3                                      0
  Genoni et al[32](#jah34484-bib-0032){ref-type="ref"}                                       1999             228                                          1962 to 1987               S                         Yes                 46                                   0                                                   49.4                                            13.7                                      4.6
  Kirjavainen et al[36](#jah34484-bib-0036){ref-type="ref"}                                  1999             98                                           1978 to 1988               S                         No                  7                                    0                                                   25                                              12.8                                      0
  Carrel and Pfammatter[27](#jah34484-bib-0027){ref-type="ref"}                              2000             189                                          1970 to 1993               S                         N/A                 N/A                                  N/A                                                 N/A                                             16                                        0
  Moons et al[4](#jah34484-bib-0004){ref-type="ref"}                                         2004             283                                          1970 to 1998               M                         N/A                 9.7                                  36.6                                                28.0                                            17.1                                      0
  Agnetti et al[23](#jah34484-bib-0023){ref-type="ref"}                                      2004             70                                           1978 to 1987               S                         No                  7                                    0                                                   7.1                                             19                                        0
  Borowicka et al[26](#jah34484-bib-0026){ref-type="ref"}                                    2004             8                                            N/A                        S                         N/A                 10                                   0                                                   N/A                                             12.6                                      0
  Dos et al[31](#jah34484-bib-0031){ref-type="ref"}                                          2005             137                                          1973 to 1997               S                         N/A                 14                                   N/A                                                 13.9                                            16.7                                      20.8
  Lange et al[38](#jah34484-bib-0038){ref-type="ref"}                                        2006             374                                          1974 to 2001               S                         N/A                 14.8                                 20.1                                                36.5                                            19.1                                      5.3
  Chaloupecky et al[28](#jah34484-bib-0028){ref-type="ref"}                                  2006             168                                          1984 to 1997               S                         N/A                 6                                    0                                                   20.8                                            14                                        0
  Rekhraj and Freeman[41](#jah34484-bib-0041){ref-type="ref"}                                2007             20                                           N/A                        S                         N/A                 N/A                                  70                                                  50                                              29                                        9.1
  Ebenroth [32](#jah34484-bib-0032){ref-type="ref"}                                          2007             44                                           1970 to 1986               S                         N/A                 N/A                                  100                                                 N/A                                             24                                        2.2
  Gorler et al[34](#jah34484-bib-0034){ref-type="ref"}                                       2010             215                                          1973 to N/A                S                         N/A                 17                                   96.4                                                35.6                                            16                                        0
  Roubertie [42](#jah34484-bib-0042){ref-type="ref"}                                         2011             125                                          1977 to 2004               S                         Yes                 11.6                                 0                                                   20.8                                            19.5                                      0
  Knez[37](#jah34484-bib-0037){ref-type="ref"}                                               2011             79                                           N/A                        S                         N/A                 N/A                                  41.8                                                N/A                                             17.6                                      N/A
  Dobson et al[30](#jah34484-bib-0030){ref-type="ref"}                                       2013             92                                           N/A                        M                         N/A                 N/A                                  82.5                                                N/A                                             28.8                                      5.2
  Cuypers et al[29](#jah34484-bib-0029){ref-type="ref"}                                      2014             69                                           1973 to 1980               S                         Yes                 22.3                                 100                                                 39.6                                            35                                        19.8
  Wheeler et al[9](#jah34484-bib-0009){ref-type="ref"}                                       2014             78                                           N/A                        S                         N/A                 14                                   68.0                                                26.9                                            30                                        12.4
  Vejlstrup et al[44](#jah34484-bib-0044){ref-type="ref"}                                    2015             371                                          1967 to 2003               M                         N/A                 22.8                                 66.2                                                32.1                                            26.1                                      1.1
  Dennis et al[45](#jah34484-bib-0045){ref-type="ref"}                                       2018             83                                           N/A                        S                         N/A                 17                                   N/A                                                 N/A                                             10.1                                      0
  Kiener et al[46](#jah34484-bib-0046){ref-type="ref"}                                       2018             257                                          1982 to 1991               M                         Yes                 5.6                                  38.9                                                25.3                                            26.5                                      20.6

D‐TGA indicates D‐transposition of the great arteries; M, multicenter; N/A, data not available or not applicable; S, single center.

The definition of complex D‐TGA, while not uniform across studies, was stated in most studies as D‐TGA with either a concomitant ventricular septal defect or left ventricular outflow obstruction, including pulmonic stenosis. Four studies[4](#jah34484-bib-0004){ref-type="ref"}, [25](#jah34484-bib-0025){ref-type="ref"}, [41](#jah34484-bib-0041){ref-type="ref"}, [46](#jah34484-bib-0046){ref-type="ref"} expanded the definition to include patients with coarctation of the aorta, while one study[24](#jah34484-bib-0024){ref-type="ref"} included atrial septal defect and ventricular septal aneurysm. Three studies only included patients with simple (defined as non‐complex) D‐TGA.[6](#jah34484-bib-0006){ref-type="ref"}, [7](#jah34484-bib-0007){ref-type="ref"}, [43](#jah34484-bib-0043){ref-type="ref"}

The median time interval between the first and last surgery in each cohort was 17 years (IQR 9--26). Changes in surgical technique and patient selection during the ASR era occurred in many cohorts. Cold cardioplegia was adopted in the mid‐late 1970s, with 6 centers reporting on undergoing the transition from hypothermic circulatory arrest to cold cardioplegia.[13](#jah34484-bib-0013){ref-type="ref"}, [29](#jah34484-bib-0029){ref-type="ref"}, [33](#jah34484-bib-0033){ref-type="ref"}, [35](#jah34484-bib-0035){ref-type="ref"}, [40](#jah34484-bib-0040){ref-type="ref"}, [42](#jah34484-bib-0042){ref-type="ref"} Three centers reported on changing their ASR procedure of choice,[4](#jah34484-bib-0004){ref-type="ref"}, [6](#jah34484-bib-0006){ref-type="ref"}, [31](#jah34484-bib-0031){ref-type="ref"} while others exclusively performed the Mustard (7 centers) or the Senning (6 centers) operation (Table [1](#jah34484-tbl-0001){ref-type="table"}). The mean age of patients at the time of ASR also varied among studies (Table [1](#jah34484-tbl-0001){ref-type="table"}), with a significant trend towards earlier age at ASR in later decades (*r*=0.65, *P*=0.004, Figure [S1](#jah34484-sup-0001){ref-type="supplementary-material"}). Of note, when a sensitivity analysis was performed excluding the study by Genoni et al, which was a clear outlier with a mean age of 46 months,[33](#jah34484-bib-0033){ref-type="ref"} the trend remained significant (*r*=0.62, *P*=0.01).

Quality Assessment {#jah34484-sec-0019}
------------------

Assessment of study quality and risk of bias is detailed in Table [S2](#jah34484-sup-0001){ref-type="supplementary-material"}. While most studies enrolled consecutive patients undergoing ASR, 4 retrospective studies[9](#jah34484-bib-0009){ref-type="ref"}, [30](#jah34484-bib-0030){ref-type="ref"}, [41](#jah34484-bib-0041){ref-type="ref"}, [45](#jah34484-bib-0045){ref-type="ref"} mandatorily recruited only adult patients instead of all post‐ASR cases, thus creating selection bias. Only 16 (55%) of the 29 studies offered data that allowed statistical analysis of risk factors for adverse outcome. Loss to follow‐up for the primary outcome of mortality was low for most studies (median 0.4%, IQR 0--5.2). The majority of studies (15 of 29) reported additional loss to follow‐up for secondary outcomes, including arrhythmia development, RVD and TR. Mean loss to follow‐up for arrhythmia assessment per cohort was 6% (median 0%, IQR 0--4), while mean loss to follow‐up for echocardiographic assessment was 10% (median 0%, IQR 0--10).

Mortality {#jah34484-sec-0020}
---------

Late mortality ranged widely across studies from 3% to 24%, with a median of 11% (IQR 9--17). The median annual incidence of late mortality was 0.7% (IQR 0.5--1.1). When averaged across studies, survival post‐ASR was 91% at 10 years, 86% at 20 years, 76% at 30 years, and 65% at 40 years.

Mean age at time of death varied across cohorts from 7 to 34 years. For most studies where the data were available, the median age at time of death was over 10 years.[6](#jah34484-bib-0006){ref-type="ref"}, [7](#jah34484-bib-0007){ref-type="ref"}, [25](#jah34484-bib-0025){ref-type="ref"}, [31](#jah34484-bib-0031){ref-type="ref"}, [32](#jah34484-bib-0032){ref-type="ref"}, [45](#jah34484-bib-0045){ref-type="ref"}

Out of the 4409 patients followed up across the 29 studies, there were 642 (14%) reported deaths. Data on etiologies of individual cases of late mortality were available in 25 studies describing a total of 413 deaths (64% of total reported deaths). Overall, cardiac causes accounted for 89% of all late mortality. SCD, uniformly defined as deaths that were either definitively or presumably arrhythmogenic with no autopsy data to suggest a non‐arrhythmogenic cause, was the most common cause of late mortality, responsible for 45% of total late deaths (Figure [2](#jah34484-fig-0002){ref-type="fig"}A). Median annual incidence of SCD was 0.2% (IQR 0.17--0.38) with cumulative cohort incidence ranging from 2% to 13% (Table [S3](#jah34484-sup-0001){ref-type="supplementary-material"}).[6](#jah34484-bib-0006){ref-type="ref"} Data from autopsies of SCD cases were described in 2 manuscripts[6](#jah34484-bib-0006){ref-type="ref"}, [7](#jah34484-bib-0007){ref-type="ref"} and were unrevealing, apart from individual examples of RV fibroelastosis and pulmonary hypertension changes.

![**A**, Causes of late mortality from pooled patient‐level data across included studies (n=413 deaths). SCD indicates sudden cardiac death. **B**, Causes of late mortality from patient‐level data stratified by time after atrial switch repair (n=78). Other cardiac etiologies include baffle obstruction, reoperation, pulmonary hypertension, cardioembolic stroke, and endocarditis. ASR indicates atrial switch repair; RVD, right ventricular dysfunction; SCD, sudden cardiac death.](JAH3-8-e012932-g002){#jah34484-fig-0002}

Congestive heart failure from RVD was the second most common cause of mortality, responsible for 21% of deaths. Other reported causes of late mortality included pulmonary hypertension, complications from reoperation, and venous baffle obstruction (Figure [2](#jah34484-fig-0002){ref-type="fig"}A). SCD was also the most common cause of death in each postoperative decade. RVD did not cause any deaths in the first postoperative decade but was responsible for progressively more deaths as time after ASR elapsed. In contrast, other cardiac etiologies of death, including baffle obstruction and reoperation, accounted for a greater proportion of fatalities in the first decade after ASR, but progressively lower proportion in the second and third post‐surgical decades (Figure [2](#jah34484-fig-0002){ref-type="fig"}B). Non‐cardiac etiologies accounted for 11% of the reported mortality (Figure [2](#jah34484-fig-0002){ref-type="fig"}A).

Arrhythmias {#jah34484-sec-0021}
-----------

All but 3 of the 29 studies[27](#jah34484-bib-0027){ref-type="ref"}, [44](#jah34484-bib-0044){ref-type="ref"}, [46](#jah34484-bib-0046){ref-type="ref"} reported development of arrhythmias during the follow‐up period. The median arrhythmia‐free survival at 10 years after ASR was 58% (IQR 46--61) and at 20 years after ASR was 40% (IQR 38--63). Non‐sinus rhythm was commonly reported with a median incidence per cohort of 54% (IQR 28--61). SND had a median incidence of 30% (IQR 24--60) and junctional rhythm of 20% (IQR 13--33). Third degree atrioventricular‐nodal heart block was rare, occurring in a median of 1% of patients per cohort (IQR 0.8--1.5). Permanent pacemakers were implanted in a median of 10% of patients per cohort (IQR 6--17), with SND being the most common indication.

SVT events were reported in a median of 14% of patients per cohort (range 0--47%, IQR 8--22) (Table [S3](#jah34484-sup-0001){ref-type="supplementary-material"}). Cumulative patient‐level data from 2143 patients showed a similar SVT incidence of 14%, with atrial flutter accounting for 83% of SVT. Atrial fibrillation and junctional tachycardia were reported less frequently. Data regarding ventricular tachycardia (VT) was only provided by 9 studies; median incidence throughout the follow‐up period was 3% (IQR 0--4).

Systemic Right Ventricle {#jah34484-sec-0022}
------------------------

Function of the systemic RV late after ASR was documented in 25 of 29 studies. Transthoracic echocardiography was the standard means of assessing RV function, with only 3 studies reporting magnetic resonance imaging data.[29](#jah34484-bib-0029){ref-type="ref"}, [30](#jah34484-bib-0030){ref-type="ref"}, [42](#jah34484-bib-0042){ref-type="ref"} Cardiac catheterization and radionuclide ventriculography were used as supplementary modalities in 3[13](#jah34484-bib-0013){ref-type="ref"}, [23](#jah34484-bib-0023){ref-type="ref"}, [40](#jah34484-bib-0040){ref-type="ref"} and 5[4](#jah34484-bib-0004){ref-type="ref"}, [7](#jah34484-bib-0007){ref-type="ref"}, [13](#jah34484-bib-0013){ref-type="ref"}, [32](#jah34484-bib-0032){ref-type="ref"}, [42](#jah34484-bib-0042){ref-type="ref"} studies, respectively.

The incidence of RVD during the follow‐up time ranged from 7% to 98%, with a median of 19% per cohort (IQR 11--58). Among aggregated patient‐level data, RVD was documented during follow‐up in 356 (33%) of 1070 patients. The severity of RVD among these 356 patients was considered mild in 37%, moderate in 44%, and severe in 19%. The median incidence of heart failure with New York Heart Association functional class III or IV was only 4% per cohort (IQR 1--5).[39](#jah34484-bib-0039){ref-type="ref"}

The reported incidence of moderate or severe TR ranged from 2% to 35% (Table [S3](#jah34484-sup-0001){ref-type="supplementary-material"}), with median of 9% (IQR 6--20). Median incidence of severe TR was 3% (IQR 2--8).

Reinterventions {#jah34484-sec-0023}
---------------

27 studies, comprising 3990 patients, reported data on 433 reinterventions, with a median reintervention incidence of 8% per cohort (IQR 3--12). Out of these, only 33 (8%) were percutaneous interventions, with the rest being surgical. 56% of reinterventions were baffle repairs for baffle obstruction (80% of baffle complications) or less commonly baffle leak (20% of baffle complications), with tricuspid valve surgery being the next most common indication, accounting for 7% of reinterventions. Notably, 24 PA band placements, 9 arterial switch conversions, and 14 heart transplants were conducted across cohorts (Figure [S2](#jah34484-sup-0001){ref-type="supplementary-material"}). Reintervention mortality was 6% (29 of 433).

Predictors of Mortality and Sudden Cardiac Death {#jah34484-sec-0024}
------------------------------------------------

Among the studies that assessed for risk factors of late mortality, the significant predictors of mortality included operating at an earlier surgical era, presence of complex lesions or need for ventricular septal defect closure, history of SVT, and RVD or CHF (Table [S4](#jah34484-sup-0001){ref-type="supplementary-material"}). Only 3 studies assessed for risk factors of SCD.[6](#jah34484-bib-0006){ref-type="ref"}, [9](#jah34484-bib-0009){ref-type="ref"}, [13](#jah34484-bib-0013){ref-type="ref"} The presence of atrial tachyarrhythmias at any point during follow‐up was found to significantly increase SCD risk from 4‐fold to 21‐fold in all 3 studies. Additionally, Gelatt et al reported increased SCD risk with smaller infant size at operation and permanent heart block,[13](#jah34484-bib-0013){ref-type="ref"} while Wheeler et al reported older age at surgery, presence of at least moderate TR, and history of CHF as risk factors for SCD.[9](#jah34484-bib-0009){ref-type="ref"}

Annual late mortality was found to be significantly lower for more recent cohorts (Figure [3](#jah34484-fig-0003){ref-type="fig"}A), and for cohorts with a younger mean age at time of ASR (Figure [3](#jah34484-fig-0003){ref-type="fig"}B), which positively correlated with borderline significance. When examining the relationship of late mortality to mean age at the time of ASR, the study by Genoni [33](#jah34484-bib-0033){ref-type="ref"} was a clear outlier (Figure [3](#jah34484-fig-0003){ref-type="fig"}B). After dropping this study as part of a sensitivity analysis, there was a significant correlation of mean age at ASR and annual late mortality (Figure [3](#jah34484-fig-0003){ref-type="fig"}C). Annual incidence of SCD was found to be significantly lower for more recent operative cohorts (Figure [3](#jah34484-fig-0003){ref-type="fig"}D). No other cohort‐level factors showed significant correlation with incidence of late mortality or SCD (Table [S5](#jah34484-sup-0001){ref-type="supplementary-material"}).

![Scatterplots showing correlations between annual incidence of late mortality and (**A**) year of initial ASR surgery, (**B**) mean age of cohort at ASR and (**C**) mean age of cohort at ASR with exclusion of Genoni et al. (**D**) demonstrates correlation between annual incidence of SCD and year of initial surgery. Size of bubbles represent sample size of individual studies. *P* values and *r* values were obtained by linear regression weighted by study size. ASR indicates atrial switch repair; SCD, sudden cardiac death.](JAH3-8-e012932-g003){#jah34484-fig-0003}

From our random‐effects meta‐analysis model, the odds of late mortality were increased by history of SVT (odds ratio \[OR\] 3.8, 95% CI 1.4--10.7, I^2^ 0%), Mustard procedure compared with Senning (OR 2.9, 95% CI 1.9--4.5, I^2^ 13) and complex D‐TGA compared with simple D‐TGA (OR 4.4, 95% CI 2.2--8.8, I^2^ 31%) (Figure [4](#jah34484-fig-0004){ref-type="fig"}). Significant risk factors for SCD were history of SVT (OR 4.7, 95% CI 2.2--9.8, I^2^ 0%), Mustard procedure (OR 2.2, 95% CI 1.1--4.1, I^2^ 0%), and complex D‐TGA (OR 5.7, 95% CI 1.8--18.0, I^2^ 0%) (Figure [5](#jah34484-fig-0005){ref-type="fig"}). Fixed effects meta‐analysis computations revealed similar results and are provided in the appendix (Figures [S3 and S4](#jah34484-sup-0001){ref-type="supplementary-material"}). Cochran Mantel‐Haenszel testing showed the presence of the same significant associations as described in Figures [4](#jah34484-fig-0004){ref-type="fig"} and [5](#jah34484-fig-0005){ref-type="fig"}, while the association between RVD and SCD was not statistically significant (Table [S6](#jah34484-sup-0001){ref-type="supplementary-material"}). Additionally, binary logistic regression performed for each individual relationship of risk factor to outcome showed that after adjusting for the study cohort, odds of both late mortality and SCD were increased by history of SVT, Mustard procedure, and complex D‐TGA, while once again, RVD did not significantly predict SCD (Table [S7](#jah34484-sup-0001){ref-type="supplementary-material"}).

![Forest plots showing pooled odds ratios of SVT (**A**), Mustard procedure (**B**) and complex D‐TGA (**C**) for late mortality using a random effects meta‐analysis approach. D‐TGA indicates D‐transposition of the great arteries; LM, late mortality; SVT, supraventricular tachycardia.](JAH3-8-e012932-g004){#jah34484-fig-0004}

![Forest plots showing pooled odds ratios of SVT (**A**), Mustard procedure (**B**), Complex D‐TGA (**C**) and RVD (**D**) for SCD using a random effects meta‐analysis approach. D‐TGA indicates D‐transposition of the great arteries; SCD, sudden cardiac death; SVT, supraventricular tachycardia; RVD, right ventricular dysfunction.](JAH3-8-e012932-g005){#jah34484-fig-0005}

Implantable Cardioverter‐Defibrillator {#jah34484-sec-0025}
--------------------------------------

Five studies, comprising a total of 105 patients, met inclusion criteria for evaluating ICD outcomes.[8](#jah34484-bib-0008){ref-type="ref"}, [9](#jah34484-bib-0009){ref-type="ref"}, [47](#jah34484-bib-0047){ref-type="ref"}, [48](#jah34484-bib-0048){ref-type="ref"}, [49](#jah34484-bib-0049){ref-type="ref"} One of the 105 patients died immediately after ICD placement; 104 were followed to assess outcomes for an average follow‐up time of about 4 years. ICDs were implanted at a mean age range of 26 to 31 years, with 79% (83 devices) implanted for primary prevention of SCD. Among those who received ICDs for primary prevention, 48% had severe RVD, 40% non‐sustained VT on Holter monitoring, 25% inducible VT on electrophysiological study, and 26% a history of syncope (some patients had more than one indication). Moderate‐to‐severe TR was present in 28% of the primary prevention patients, while the incidence of SVT in this subgroup varied among cohorts from 33% to 80%. Mean QRS ranged from 115 to 160 ms and mean QTc interval ranged from 442 to 487 ms. Of note, a variable proportion (44%--100%) were treated with a beta‐blocker, while fewer (17%--34%) were taking an additional antiarrhythmic drug at the time of ICD placement.

Table [2](#jah34484-tbl-0002){ref-type="table"} summarizes the main outcomes of all 83 patients who underwent ICD implantation for primary prevention. Over the follow‐up period of 330 patient‐years, 124 total ICD discharges occurred, with some patients receiving multiple discharges. Only 8% (9 discharges) of the total discharges were considered appropriate, while the remaining 92% occurred primarily because of inappropriate sensing of SVT with rapid ventricular conduction or farfield sensing, though some occurred because of over‐sensing from lead failure or fracture. ICD complications included lead fractures, lead dislodgment, endocarditis, and device infections as detailed in Table [2](#jah34484-tbl-0002){ref-type="table"}. Three deaths occurred during the follow‐up period; the only one directly related to ICD implantation occurred from cardiac arrest a few hours after implantation, following defibrillation testing.[48](#jah34484-bib-0048){ref-type="ref"}

###### 

Outcomes After Implantation of ICDs for Primary Prevention of Sudden Cardiac Death (n=83)

  Study                                                    Year of Publication   Number of ICDs   Follow‐Up Duration (y)   Number of Appropriate Discharges   Annual rate of Appropriate Discharges   Number of Inappropriate Discharges   Annual Rate of Inappropriate Discharges   Number of Lead Fractures/Dislodgments   Number of Infectious Complications
  -------------------------------------------------------- --------------------- ---------------- ------------------------ ---------------------------------- --------------------------------------- ------------------------------------ ----------------------------------------- --------------------------------------- ------------------------------------
  Khairy et al[8](#jah34484-bib-0008){ref-type="ref"}      2008                  23               3.6                      1                                  0.3                                     67                                   18.6                                      0                                       0
  Wheeler et al[9](#jah34484-bib-0009){ref-type="ref"}     2014                  5                4.6                      0                                  0                                       2                                    0.4                                       0                                       0
  Bouzeman et al[48](#jah34484-bib-0048){ref-type="ref"}   2014                  8                1.6                      0                                  0                                       1                                    0.6                                       2                                       0
  Backhoff et al[47](#jah34484-bib-0047){ref-type="ref"}   2016                  29               4.8                      7                                  1.5                                     12                                   2.5                                       5                                       2 (ICD infections)
  Buber et al[49](#jah34484-bib-0049){ref-type="ref"}      2016                  18               4.0                      1                                  0.3                                     33                                   8.3                                       5                                       1 (endocarditis)

ICD indicates implantable cardioverter‐defibrillator.

Two studies reported detailed patient‐level data on ICD discharges.[8](#jah34484-bib-0008){ref-type="ref"}, [47](#jah34484-bib-0047){ref-type="ref"} While the study by Backhoff et al did not have a sufficiently high event rate to permit additional analysis, it reported the highest rate of appropriate discharges (1.5 per year)---7 out of the 9 total appropriate discharges across the studies were in this cohort (Table [2](#jah34484-tbl-0002){ref-type="table"}). While event rates were too low to confirm any predictors of appropriate discharges by linear regression (data not shown), this cohort did contain the greatest proportion of patients with complex D‐TGA (45%).[47](#jah34484-bib-0047){ref-type="ref"} Khairy et al analyzed intracardiac electrograms and found SVT rhythm to precede or coexist with VT in 50% of cases of appropriate therapy.[8](#jah34484-bib-0008){ref-type="ref"} In their study, while the presence of non‐sustained VT on Holter was an indication for primary prevention ICD in 44% patients, none of the patients with secondary prevention ICDs had a history of documented non‐sustained VT on routine Holter monitoring before the inciting event. Multivariate analysis revealed the only risk factors for appropriate discharge as being a secondary prevention indication (hazard ratio \[HR\] 18, 95% CI 1.2--261) and the absence of beta‐blocker therapy (HR 17, 95% CI 1.3--185).[8](#jah34484-bib-0008){ref-type="ref"}

Discussion {#jah34484-sec-0026}
==========

This is the largest systematic review and meta‐analysis of post‐surgical outcomes in D‐TGA patients, and only the second to examine long‐term outcomes. This is also the first systematic review to examine risk factors for SCD and data on ICD efficacy.

Our study has shown that survival after ASR drops to 65% by the fourth postoperative decade. This underscores the urgent need to better delineate modifiable risk factors for mortality in this aging population. Also, the fact that SCD accounts for nearly half the number of late deaths reaffirms risk assessment and prevention of SCD as prime targets in the attempt to improve long‐term outcomes.

Our predictors of increased late mortality at the cohort level included non‐modifiable risk factors of the year of initial ASR surgery and mean age at surgery, the former also conferring increased risk of SCD. It is intuitive that the earlier the surgical era, the steeper the surgical learning curve, greater the usage of hypothermic circulatory arrest, and hence the higher the risk of intraoperative myocardial ischemia and subsequent scar formation, which may be contributing to late postoperative SCD and mortality.[42](#jah34484-bib-0042){ref-type="ref"} Similarly, earlier surgical cohorts performed ASR at older age than later decades. It is reasonable to hypothesize that subjecting the myocardium to longer duration of chronic hypoxemia before repair may result in greater long‐term complications including mortality.[13](#jah34484-bib-0013){ref-type="ref"}, [29](#jah34484-bib-0029){ref-type="ref"}, [42](#jah34484-bib-0042){ref-type="ref"}

We found that the Mustard procedure increased the risk of SCD and late mortality, in contrast to the meta‐analysis by Khairy et al,[50](#jah34484-bib-0050){ref-type="ref"} which demonstrated a trend towards improved survival after Mustard procedure compared with Senning. Their study, however, did not investigate the rates of SCD or SVT in the pooled cohorts and included fewer patients with a much shorter follow‐up duration.[50](#jah34484-bib-0050){ref-type="ref"} Given our finding that the contribution of SCD to late mortality increases beyond the first postoperative decade, inadequate follow‐up time in the studies included by Khairy et al might explain the contradictory findings. Possible mechanisms for increased risk with Mustard surgery include higher incidence of SVT and other malignant arrhythmias attributable to use of foreign material to construct the baffles and consequent increased amount of atrial suture lines, higher risk of baffle obstruction, and consequent need for reoperation.

We also identified complex D‐TGA as a risk factor of SCD. Complex D‐TGA may result in a delayed age of ASR and thus increased duration of chronic hypoxemia and higher technical challenges in surgery. These factors may lead to increased chances of myocardial ischemia and scar, iatrogenic right bundle branch block, and recurrence of shunt needing reoperation, ultimately leading to increased risk of future RVD and/or SVT.[13](#jah34484-bib-0013){ref-type="ref"}, [38](#jah34484-bib-0038){ref-type="ref"} This finding may also potentially explain why the highest rates of appropriate ICD discharges occurred in the study by Backhoff [47](#jah34484-bib-0047){ref-type="ref"} which enrolled the highest proportion of patients with complex D‐TGA, though this observation could not be further investigated because of low event rates and lack of sufficient patient‐level data.

Unexpectedly, RVD was not a statistically significant predictor of late mortality or SCD (Figure [5](#jah34484-fig-0005){ref-type="fig"}D). This was most likely because of suboptimal characterization of systemic RV function by echocardiography, which lacks standardization and is consequently fraught with high inter‐observer variability.[4](#jah34484-bib-0004){ref-type="ref"}, [13](#jah34484-bib-0013){ref-type="ref"}, [29](#jah34484-bib-0029){ref-type="ref"}, [39](#jah34484-bib-0039){ref-type="ref"}, [51](#jah34484-bib-0051){ref-type="ref"} This makes it an inferior test to magnetic resonance[52](#jah34484-bib-0052){ref-type="ref"}, [53](#jah34484-bib-0053){ref-type="ref"}, [54](#jah34484-bib-0054){ref-type="ref"}---a modality that was used by only 3 studies. It is therefore probable that many patients without a truly failing RV had evidence of RVD on echocardiography, thus creating the observed discrepancy between imaging evidence of RVD and clinical CHF and blunting the effect of RVD as a potential risk factor of SCD. Additionally, the predictive power of RV systolic function for mortality is variable. While some studies found RVD to be a significant risk factor,[30](#jah34484-bib-0030){ref-type="ref"}, [32](#jah34484-bib-0032){ref-type="ref"}, [36](#jah34484-bib-0036){ref-type="ref"}, [45](#jah34484-bib-0045){ref-type="ref"}others have pointed out discrepancy between RV systolic function and functional capacity or symptomatic heart failure.[29](#jah34484-bib-0029){ref-type="ref"}, [31](#jah34484-bib-0031){ref-type="ref"}, [35](#jah34484-bib-0035){ref-type="ref"}, [39](#jah34484-bib-0039){ref-type="ref"} Potential reasons for this include the contribution of RV diastolic function---a parameter not easily quantified by imaging---to the heart failure syndrome,[31](#jah34484-bib-0031){ref-type="ref"} as well as the presence of unique compensatory mechanisms of the systemic RV to stress that may have little to do with the appearance of RV systolic function on imaging.[39](#jah34484-bib-0039){ref-type="ref"} Clinical RV failure, not adequately reported at the individual patient level in the included cohorts, might thus prove to be a better predictor of mortality and SCD.

In our analysis, the only modifiable risk factor for late mortality and SCD was a history of SVT, which conferred nearly 5‐fold increased odds of SCD. SVT has been implicated in the pathogenesis of SCD in the post‐ASR population in several ways, including 1:1 conduction through a healthy atrio‐ventricular node,[23](#jah34484-bib-0023){ref-type="ref"}, [31](#jah34484-bib-0031){ref-type="ref"} rapid preload reduction (particularly in settings of exercise, occult baffle obstruction, or pre‐existing RV failure),[31](#jah34484-bib-0031){ref-type="ref"}, [35](#jah34484-bib-0035){ref-type="ref"}, [42](#jah34484-bib-0042){ref-type="ref"} and ischemia in an often already diseased systemic RV with a single arterial supply from the right coronary artery. SVT may also be contributing as a marker for adverse RV remodeling that may cause SCD via ventricular arrhythmias.[8](#jah34484-bib-0008){ref-type="ref"}

SVT may also represent a surrogate marker for progressive heart failure, as a poorly functioning, dilated RV with significant TR can in turn result in atrial dilation leading to SVTs. However, given the low reported incidence of New York Heart Association class III or IV CHF in our systematic review (median incidence 4%), it is unlikely that the mortality risk conferred by SVT is solely attributable to death by heart failure.

The link between SVT and SCD suggests that the presence of SVT alone should be enough of a "red flag" to warrant aggressive investigation and/or treatment in ASR patients. SVT may trigger greater rhythm monitoring such as 1‐ to 4‐week event monitors, regular exercise testing, implantable loop recorders, and electrophysiology studies. The impact of anti‐arrhythmic therapy and catheter ablation for SVT in SCD prevention remains to be fully determined. Although Kammeraad et al reported no benefit of anti‐arrhythmics in their cohort of SCD patients,[10](#jah34484-bib-0010){ref-type="ref"} that conclusion is limited because digoxin was the most commonly used anti‐arrhythmic therapy. Khairy [8](#jah34484-bib-0008){ref-type="ref"} found that beta blockade is protective against ventricular tachyarrhythmias. Catheter ablation in patients with ASR has an acute success rate for treating SVT of 73% to 100%,[55](#jah34484-bib-0055){ref-type="ref"} making it an attractive option for drug‐refractory and/or malignant SVT. There is, however, a 33% recurrence rate within 1.5 years of initial ablation in centers of excellence,[56](#jah34484-bib-0056){ref-type="ref"}, [57](#jah34484-bib-0057){ref-type="ref"} and the effect of this procedure on mitigating SCD risk is yet to be validated in large prospective studies.

Despite these gaps in knowledge, we strongly advocate individualized consideration of ICD implantation for primary prevention in the ASR population given our demonstration of SCD being the leading cause of death. While the presence of frequent non‐sustained VT on monitoring or significant RVD should engender an ICD discussion, the exceedingly low rate of appropriate ICD discharges especially in the primary prevention subgroup compared with the high rate of inappropriate discharges suggests that our current selection process for primary prevention ICDs warrants revision. While our study does not directly identify patients most likely to benefit from primary prevention ICDs, the strong link between SVT and SCD is valuable information in this regard. Admittedly, the link between SVT and SCD is challenging in the context of ICD implantation, since a high SVT burden may intuitively increase the likelihood of inappropriate shocks. On the other hand, not only is SVT prevalent in the community, but the concept of SVT begetting VT is both conceivable and demonstrable. It can be hypothesized that aggressive treatment of SVTs with early initiation of antiarrhythmic agents including beta‐blockade and possibly catheter ablation may be beneficial in this subset of patients. Additionally, while the specter of inappropriate ICD shocks must be discussed with the individual, a more progressive strategy of ICD implantation may be beneficial to this unique population.

A meta‐analysis of primarily retrospective cohort studies is subject to bias, confounding, and the ecological fallacy. There is considerable heterogeneity across studies on multiple levels, including differences in surgical skill, surgical procedure, postoperative care, patient age, and socioeconomic characteristics, patient comorbidities, follow‐up time, intensity of follow‐up surveillance, frequency, and quality of follow‐up clinical care and non‐random missing data---many of these factors cannot be quantitatively evaluated given available data. We were unable to uniformly assign a standard definition of complex D‐TGA across the studies to reduce the heterogeneity in our sample because of the lack of sufficient patient level data. Our results summarizing secondary outcomes are prone to the most error because valid estimates depend on the assumption of universal screening by echocardiography, electrocardiography, and other modalities during follow‐up, regardless of patient‐reported symptoms, which is only feasible for studies that are planned prospectively. Our outcomes data in the ICD studies were limited by low event rates. This precluded analysis of risk for appropriate and inappropriate discharge and limited our ability to explain why the study by Backhoff et al appeared to select patients better than others for primary prevention ICDs. Additionally, our evaluation of mortality and SCD risk did not include additional variables such as QT dispersion, pulmonary hypertension, and cardioprotective medical therapy, which were not reported adequately.

Conclusions {#jah34484-sec-0027}
===========

Our systematic review and meta‐analysis, the largest in the D‐TGA literature, reveals several important findings on the long‐term outcomes after ASR and establishes presence of SVT, Mustard procedure, and complex D‐TGA as important patient‐level risk factors for both long‐term mortality and SCD. The data also establish the unsatisfactory outcome of patients with ICDs for primary prevention of SCD, and advocate for a more refined risk stratification scheme for ICD implantation. There remain many questions about the long‐term outcomes of the post‐ASR patient that cannot be answered by the existing pool of data, and additional multicenter patient‐level studies are required to further investigate SCD risk and guide the management of this complex patient population.
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**Figure S1.** Scatterplot depicting significant negative correlation of mean age of study patients at the time of atrial switch repair (ASR) with year when the initial surgery was performed in a cohort.

**Figure S2.** Indications for reintervention after ASR using pooled cohort data; n=433 reinterventions. ASR indicates atrial switch repair, LVOT, left ventricular outflow tract, PA, pulmonary artery; PDA, patent ductus arteriosus; TR, tricuspid regurgitation; VSD, ventricular septal defect.

**Figure S3.** Forest plots showing fixed effects pooled odds ratios of SVT (**A**), Mustard procedure (**B**) and complex D‐TGA (**C**) for late mortality (LM). D‐TGA indicates D‐transposition of the great arteries; SVT, supraventricular tachycardia.

**Figure S4.** Forest plots showing fixed effects pooled odds ratios of SVT (**A**), Mustard procedure (**B**), Complex D‐TGA (**C**) and RVD (**D**) for SCD. D‐TGA indicates D‐transposition of the great arteries; RVD, right ventricular dysfunction; SVT, supraventricular tachycardia.
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